The sequence of the spike (also called peplomer or E2) protein gene of the Mebus strain of bovine coronavirus (BCV) was obtained from cDNA clones of genomic RNA. The gene sequence predicts a 150,825 mol wt apoprotein of 1363 amino acids having an N-terminal hydrophobic signal sequence of 17 amino acids, 19 potential N-linked glycosylation sites, a hydrophobic anchor sequence of approximately 17 amino acids near the C terminus, and a hydrophilic cysteinerich C terminus of 35 amino acids. An internal Lys-Arg-Arg-Ser-Arg-Arg sequence predicts a protease cleavage site between amino acids 768 and 769 that would separate the S apoprotein into Sl and S2 segments of 85690 and 65153 mol wt, respectively. Amino terminal amino acid sequencing of the virion-derived gplO0 spike subunit confirmed the location of the predicted cleavage site, and established that gpl20 and gplO0 are the glycosylated virion forms of the Sl and S2 subunits, respectively.
The bovine coronavirus (BCV) is an important cause of neonatal calf diarrhea (14, 26) and may also be the cause of winter dysentery in adult cattle (30) . The mechanisms by which BCV causes disease and persistent infection are not understood, nor are current vaccines universally regarded as effective. Toward these ends, we have begun a detailed study of the BCV protein and genome structure.
BCV is comprised of four major structural proteins (17). These are (i) a 200-kDa spike (peplomer) glycoprotein (S), that exists on the virion as cleaved subunits of approximately 120 and 100 kDa, (ii) a 140-kDa glycoprotein (HE) that has both hemagglutinating (18) and esterase (37) activities, and which is comprised of two identical, disulfide-linked 65-kDa subunits (10, 12, 16, 28) , (iii) a 26-kDa integral membrane glycoprotein (M) (21), and , (iv) an internal phosphorylated nucleocapsid protein (N) (21) . Of these, the S protein is presumed to ' Sequence data from this article have been deposited with the EMBUGenBank Data Libraries under Accession No. M31053. ' Present address: Department of Molecular Biology and Microbiology, Case Western Reserve University, Cleveland, OH 44106.
3 Present address: DNX Corporation, One President Street, Athens, OH 45701-2979. 4 To whom requests for reprints should be addressed. be the major structure by which coronaviruses attach to cells and initiate infection (reviewed by Spaan et a/. (34) ). The HE protein, however, may also bind to cells to initiate infection, and for BCV, the relative importance of these two proteins in initiating infection is not known. Both S and HE are probably important in inducing immunity since antibodies to each are known to neutralize virus infectivity in cell culture and in calves (8, 9) . S and HE, therefore, may both be useful in developing effective engineered vaccines against BCV. cDNA cloning of BCV genomic RNA was accomplished essentially as previously described (11, 21) except that random 5mer oligodeoxynucleotides (Pharmacia) and 17-mer oligodeoxynucleotides of specific sequences were used as primers for first-strand synthesis. Clones were mapped relative to one another and to the 3' end of the genome using a matrix spot hybridization technique. Some clones were sequenced by the chemical method of Maxam and Gilbert (25) and some by the dideoxynucleotide-induced chain termination method of Sanger (3 1) as described by Kraft et a/. (19) using Sequenase enzyme (United States Biochemicals). For much of the sequencing, restriction endonuclease fragments were subcloned into the pGEM4Z vector (Promega) and forward and reverse sequencing  kilobases   20 9  8  7  6  5  4  3  2  1  4, '  I  1  I  1  I  I  1  I  I 3 
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primers for the pGEM vectors were used. Sequencespecific oligodeoxynucleotides were also synthesized and used for sequencing within certain regions of the large clones.
The amino-terminal ends of purified gp120 and gplO0 subunits were subjected to sequencing by the method of Matsudaira (24) . Unlabeled BCV was purified by isopycnic sedimentation in sucrose gradients and the proteins were electrophoretically separated after reduction in 2-mercaptoethanol (17) and electroblotted (13) onto polyvinylidene difluoride membrane (24). Proteins were visualized by staining with Coomassie brilliant blue and the gpl20 and gplO0 bands were excised and shipped to Dr. Matsudaira for analysis.
Complete sequencing of clone MA7 which extends 4.2 kilobases from the 3' end of the genome (Fig. 1) revealed a continuous open reading frame located on the 5' side of the ORF for a potential 4.9-kDa protein (Abraham et al., to be published elsewhere). The deduced amino acid sequence of the extended ORF demonstrated high sequence similarity to the C-terminal end of the antigenically related MHV-A59 (22) and MHV-JHM (32) S proteins, both antigenic homologs of the BCV S protein (13). These data suggested that the S protein gene of BCV lies in the same relative position on the genome as does the spike protein gene of MHV. To complete the sequencing of the S gene, both strands of three clones, II, HPA2, and G6, generated by random priming, and three clones, LK5, LP6 and 29, generated by specific priming, were sequenced ( Fig. 1) .
The total sequence for the putative S ORF extended to a position 7.4 kb from the 3' end of the genome and contained 4089 bases (Fig. 2 ). We conclude this ORF to be the S gene since it potentially encodes a 1363 amino acid protein of 150,825 Da, the approximate size of the unglycosylated spike precursor (IO), and be-cause its deduced amino acid sequence shows extensive sequence similarity throughout with the S proteins of both strains of MHV. Five other open reading frames ranging in size from 34 to 66 amino acids were also found within the S gene sequence in the plus one reading frame, but their significance is not known at this time. The putative S ORF is preceded immediately upstream (beginning at base 12 in Fig. 2 ) by the consensus CYAAAC sequence thought to play a role in leader priming of coronavirus transcription. The sequence is also found three times within the S ORF, beginning at positions 817, 1667, and 3776, but it is not established that transcripts initiate at any of these sites.
Five features of the deduced BCV S protein reflect the properties of four other coronavirus spike proteins that have been characterized to date from nucleotide sequence data (I, 2, 15, 20, 22, 27, 29, 32) . (i) There is an N-terminal hydrophobic stretch of amino acids which predicts a signal peptide with a cleavage site between amino acids 17 and 18 (38). (ii) There are 19 potential asparagine-linked glycosylation sites that could give rise to the only kind of glycosylation demonstrated for this protein (Hogue and Brian, unpublished data; 10). (iii) There is a hydrophobic stretch of 17 amino acids near the C terminus that could serve as a stoptransfer and anchor sequence. (iv) There is a stretch of 8 amino acids on the immediate N-terminal side of the predicted anchor sequence (-K-W-P-W-Y-V-W-L-, beginning with amino acid 1305) that is identical in all coronavirus S proteins sequenced to date. (v) There is a cysteine-rich hydrophilic C-terminus of 35 amino acids that is probably the intravirion domain. In common with MHV-(22,32) and IBV (1, 2, 20, 27) , but not in common with TGEV (15, 29; Tung and Brian, unpublished) and FIPV (I!?), is also an internal sequence of basic amino acids that, in the case of MHV and IBV, lies on the immediate N-terminal side of the protease cleavage site (6, 22) . In BCV the sequence is K-R-R-S- R-R beginning  10  20  30  40  50  60  70  80  90  100  110  120  TAGACCATAA~TGTmTGATACT~~~TCCTTACCAATGGCT~GCTG~ATAGGAGA~~GTGTACTACGG~CCA~MTGATG~ACACCGGTGCTCC~  -MFLILLISLPMAFAVIGDLKCTTVSINDVDTGAP   130  140  150  160  170  180  190  200  210  220  230  240  CTATTAGCACTGATATTGTCGATGTTACTAATGG~AGGTAC~ATTATG~AGATCGTGTGTA~~TACTACG~G~GC~~T~~A~AcccTAc~cAGG~cTAcAT  SISTDIVDVTNGLGTYYVLDRVYLBTTLLL  NGYYPTSGST  4b   250  260  270  280  290  300  310  320  330  340  350  360  ATcGTAATATGGCACTGAAGGGAACmACTATTGAGCAGACTATTGAGCAGACTATGGTTT~CCACC~~CT~cTGA~A~~TGGTA~GCT~~TC~TACCAAGG~A~~  YRNMALKGTLLLSRLWFKPPFLSDFINGIFAKVKNTKVIK  8b   370  380  390  400  410  420  430  440  450  460  470  480  AGGGTGTAATGTATAGTGAG~CCTGCTGCTAT~CTATAGGTAGTAC~GT~TACATCCTATAGTGTGGTAGTAC~CCACATACTACC~~GGAT~T~~AC~GGTCTCT  KGVMYSEFPAITIGSTFVOT  SYSVVVQPHTTNLDNKLQGL 1000  1010  1020  1030  1040  1050  1060  1070  1080  TTCAGCCAATTGCAGATGTTTACCGACGTATACCTAATC~CCCGATTGT~TATAGAGGCTTGGC~AATGATAAGTCGGTGCCCTCTCCA~~~GGGMCGT~GACC~CM  V Q P I ADVYRRIPNLPDCNIEAWLNDKSVPSPLNWERKTFS  326  1090  1100  1110  1120  1130  1140  1150  1160  1170  1180  1190  1200  ATTGTAATTTTAATATGAG~AGCCTGATGTCTTTTATTCAGGCAGACTCA~ACTTGT~TAATA~GATGCTGCT~GATATATGGTATGTG~CCAGCAT~CTATAGAT~GT  NCNFMMSSLMSFIQAD  SFTCNNIDAAKIYGMCFSSITIDK   366  1210  1220  1230  12Q0  1250  1260  1270  1280  1290  1300  1310  1320  TTGCTATACCCAATGGTAGGAAGGTTGACCTACAATTGGGCAAT~GGGCTATTTGCAGTC~TT~CTATAG~TTGATACTACTGCTACAAGTTGTCAG~GTA~ATAAT~ACCTG  FAIPNGRKVDLQLGNLGYLQS  FNYRIDTTATSCQLYYNLP  406  1330  1340  1350  1360  1370  1380  1390  1400  1410  1420  1430  1440  CTGCTAATGmCTGTTAGCAGGTTTAATCCTTCTACTTGGAATAGGAGAT~GGT~ACAG~CAA~GT~~AAGCCTC~CCTGTAGGTG~ACTCATCATGATG~G~  AABVSVSRFNPSTWNRRFGFTEQ  FVFKPQPVGVFTHHDVV  446   1450  1460  1470  1480  1490  1500  1510  lS20  1530  1540  1550  1560  ATGcACAACATTGTTTTAAAGCTCCCTC~AT~CTGTCCGTGTAAA~GGATGGGTCT~GTGTGTAGGTAATGGTCCTGGTATAGATGCTGG~AT~~TAGT~TATAGGCAC~  YAQHCFKAPSNFCPCKLDGSLC VGNGPGIDAGYKNSGIGT ----__---_------486 56b  1810  1820  1830  1840  1850  1860  1870  1880  1890  1900  1910  1920  GGGATAGGTGTAATAmTTGCTAATmATmGCATGATGATGTTAATAGTGGTACTACTTG~CTACTGA~AC~~ATC~ACACAGACAT~~C~GGTG~GTG~AATTATG  GDRCNIFANFILHDVNSGTTCSTDLQKSNTDI  ILGVCVNY  606   1930  1940  1950  1960  1970  1980  1990  2000  2010  2020  2030  2040  ATCTTTATGGTA~ACAGGCC~GGTA~~G~GAffi~AATGCGAC~ATTAT~TAG~GGCAGAACC~TATATGA~CT~TGGT~TCTCTATGG~TAGAGACTAC~~  DLYGITGQ  GIFVEVBATYYNSWQNLLYD  SNGNLYGFRDYL  640   2050  2060  2070  2080  2090  2100  2110  2120  2130  2140  2150  2160  CAAACAGAACTmATGATTCGTAGTTGCTATAGCGGTCGTGTTTCAGCGGCCTTTCATGCT~CTC~CCG~CCAGCATTGCTA~CGGAATA~~TGC~~ACG~~~TA  TBRTFMIRSCYSGRVSAAFHAES  68b   SEPALLFRNIRCNYVFB   2170  2180  2190  2200  2210  2220  2230  2240  2250  2260  2270  2280  ATACTCmCACGACAGCTGCAACCTATTAACTAmTGATA~GATAGTTATC~GG~GTG~GTC~TGCTGAT~TAGTAC~CTAGTG~G~C~CATGTGAT~CACAGTAGGTAGTG  NTLSRQLQPINYFD  SYLGCVVNADBS  TSSVVQTCDLTVGS   2290  2300  2310  2320  2330  2340  2350  2360  2370  2380  2390  2400  GTTACTGTGTGGATTACTCTACAAAAAGACGAAGTAGCCTGTAG  GYC"DYSTKRRSRRAITTGYRFTTFEPFTVNSV,?jDSLEPV  760  35  2410  2420  2430  2440  2450  2460  2470  2480  2490  2500  2510  2520  GTGGTTTGTATGAAATTCAAATACCTTCAGAGAG~ACTATAGGT~TATGGAGGAG~A~C~ACMGCTCTCCT~G~ACTA~GA~G~CTGC~TCTGTGGTGA~ATG  GGLYEIQI  PSEFTIGNMEEFIQTS  SPKVTIDCSAFVCGDY  800  2530  2540  2550  2560  2570  2580  2590  2600  2610  2620  2630  2640  CAGCATGTAAATCACAGTTGG~G~TATGGTAGCTTCTGTGACAATATTAATGCTATACTCACAGAAGTAAATGAACTACTTGACACTACACAGTTGCAAGTAGCT~TA~T~~~GA  AACKSQLVEY  GSFCDNINAILTEVNE  LLDTTQLQVAN  846  2650  2660  2670  2680  2690  2700  2710  2720  2730  2740  2750  2760  ATGGTGTCACTCTTAGCACTAAGCTTAAAGATGGCGTT~~TC~TGTAGACGACATCAATT~CCCCTGTA~AGGTTG~AGGAAGCGATTGTAAT~GT~CCAGCAGATCTG  NGVTLSTKLKDGVNFNVDDIWFS  PVLGCLGSDCNKVSSRS  sei   2770  2780  2790  2800  2810  2820  2830  2840  2850  2860  2870  2880  CTATAGAGGATTTACTTmTCTAAAGTAPIAGTAAAG~ATCTGATGTCGGT~CGTTGAGGCTTATAAT~TTGTACTGGAGGTGCCGAAATTAGGGACCTCA~GTGTGC~GTTATAATG  AIEDLLFSKVKLSDVGFVEAYNaC  TGGAEIRDLICVQSYN  926   2890  2900  2910  2920  2930  2940  2950  2960  2970  2980  2990  3000  GTATCAAAGTGTTGCCTCCACTGCTCTCAGTAAATCAGATCAGTGGATACAC~TGGCTGCCACCTCTGCTAGTCTG~TCCTCCTTTGTCAGCAGCAGTAGGTGTACCA~ATTTAA  GIKVLPPLLSVNQI  SGYTLAATSASLFPPLSAAVGVPFYL  966   3010  3020  3030  3040  3050  3060  3070  3080  3090  3100  3110  3120  ATGTTCAGTATCGTATTAATGGGATTGGTGTTACCATGGATGTGTT~GTC~AATCAA~GCTTATTGCTAATGCATTT~CAATGCTCTTGATGCTA~CAGG~GGGTTTGATGCTA  NVQYRINGI  GVTMDVLSQNQKL  IANAFNNALDAIQEGFDA   1006   3130  3140  3150  3160  3170  3180  3190  3200  3210  3220  3230  3240  CCAATTCTGCmAGTTAAAATTCAAGCTGTTGTTAATGCAATGCA~TGCTG~GCTC~~TAAC~ATTGCAACAACTCTCTAATAGATTTGGTGCTATAAG~C~CT~AC~GA~~C  TNSALVKIQAVVNANAEALNNLLQQ  LSNRFGAISSSLQEI  104b  3250  3260  3270  3280  3290  3300  3310  3320  3330  3340  3350  3360  TATCTAGACTGGATGCTCTTGAAOCGCGCAAGCTCAGATAGACAGAC~ATT~TGGGCGTC~ACCGCTCTTAATG~ATG~TCTC~CAGCTTAGTGATTCTACACTAGTAA~~TA  LSRLDALEAQAOIDRLINGRLTALNVYV  SQQLSDSTLVKF   3370  3380  3390  3400  3410  3420  3430  3440  3450  3460  3470  3480  GTGCAGCACAAGCTATGGAGAAGGTTAATGAATG~TGTGTCA~GCCAATCATCTAGGATAAATTTTTGTGGT~TGGTAATCATATTATATCATTAGTGCAGAATGCTCCATATGG~GT  SAAQA~EKVNECVKSQSSRINFCGNGNHIISLVQNAPYGL  1120   3490  3500  3510  3520  3530  3540  3550  3560  3570  3580  3590  3600  ATTTTATCCACTTTAGCTATGTCCCTACTAAGTATGTCACTGCGAAGGTTAGTCCCGGTCTGTGCATTGCTGGTGATAGAGGTATAGCCCCTAAGAGTGG~ATTTTGTT~TGT   3610  3620  3630  3640  3650  3660  3670  3680  3690  3700  3710  3720  ATACTTGGATGTPCACTGGTAGTGGTTATTACTACCCTG~CCCATAACTGGAAATAATG~G~GTTATGAGTACCTGTGCTG~AACTATACTAAAGCGCCGGATGT~TGCTGAACA  NTWMFTGSGYYYPEPITGNNVV"MSTCAVmYTKAPDVMLm  1206   3730  3740  3750  3760   3170   3780  3790  3800  3810  3820  3830  3840  TTPCAACACCCAACCTCCATGATTTTAAGGAAGGAAGAGTTGGATCAATGGTTT~AA PICTCAGTGGCACCAGATPTGTCACTTGATTATATP~CTTGGACCTACAAG  ISTPNLHDFKEELDQWFK&SVAPDLSLDYI,ii,VTFLDLQ  1246  3850  3860  3870  3880  3890  3900  3910  3920  3930  3940  3950  3960  ATGAAATGAATAGGTTACAGGAGGCAATAAAAGTTTTAAG~TT~ATCAGAGCTACATCAATCTCAAGGACA~GGTACATATGAGTA~ATGT~AATGGCCTTGGTATGTATGGC~AA~G  DEMNRLQEAIKVLOQ  SYINLKDIGTYEYYVKWPWYVWLLI  12Sb   3970  3980  3990  4000  4010  4020  4030  4040  4050  4060  4070  4080  GCTTTGCTGGTGTAGCTATGCTTGmPACTATTCTATTC~CATATGCTG~GTACAGGATGTGGGACTAG~GT~TAAGATATGTGGTGG~GTTGTGATGATTATACTGGACACCAGGAGT  GFAGVAMLVLLFFICCCTGCGTSCFKICGGCCDDYTGHQE   1326  4090  4100  TAGTAATTAAAACATCACATGACGACTAA  LVIKTSHDD  M T T with amino acid 763, and, on the basis of the pattern in MHV and IBV, predicts a cleavage between amino acids 768 and 769 (note arrow in Fig. 2 ). Cleavage at this point would divide the unglycosylated S protein into an N-terminal segment of 85,690 Da (Sl) and a Cterminal segment of 65,153 Da (S2), From amino acid sequencing studies, no N-terminal sequence could be obtained from the virion-derived 120-kDa subunit, possibly because of N-terminal blockage. The N-terminal sequence of the lOO-kDa subunit could be obtained, however, and was determined to be X-l-T-T-G-Y-X-F-, identifying the first amino acids downstream from the predicted internal cleavage site. These results confirmed the predicted internal cleavage site and established that the 120-kDa subunit is Sl and the 1 00-kDa subunit is S2.
The BCV and MHV S proteins show remarkable sequence homology suggesting that these viruses are re- A599  '  I  I  1111 I II III1   I   BCVq  '  J  '  I  I  Illll  I  I I  I IIIII  II I I II I Ill I II I II II I I I I I II*  III I II II  II I I   I  4 cently diverged. After aligning sequences for maximal homology, the following points emerge. (i) Relative to BCV, a large deletion appears in the MHV Sl subunits. For JHM it is a contiguous gap of 138 amino acids, and for A59 it is a discontiguous gap of 50 amino acids (Figs. 2 and 3) . The function of the additional sequence in the BCV Sl subunit is not known, but it is possibly a structure that interacts in some way with the HE glycoprotein, a structural protein not found on MHV (13, 34) except under certain rare conditions (33). No electron micrographic or chemical data exist, however, to suggest that S and HE do physically interact (3, 17, 18) . It is interesting to note that the entire region in the BCV S protein corresponding to the gap region of the JHM S protein is especially rich in cysteine residues and contains 15 (26%) of the 56 total cysteines in the BCV S protein (Figs. 2 and 3 ). This suggests that this part of the molecule may be important for intramolecular or intermolecular disulfide linkages. (ii) Exclusive of the large gap in the MHV sequences, the Sl subunits of JHM and A59 show 62 and 60% identity, respectively, with BCV, and the S2 subunits show 75 and 74% respectively. Throughout the S protein, 41 of 56 cysteine positions and 13 of 19 potential N-linked glycosylation sites are conserved. The internal proteolytic cleavage position (not yet confirmed for JHM) is also conserved. The pattern of greater amino acid sequence divergence in the Sl subunit is consistent with the model of Cavanagh (4) and De Groot et a/. (7) which proposes that the Sl subunit comprises the exposed bulbous structure of the spike and probably contains most (5) but not all (23, 36) of the neutralizable antigenic sites. It is the structure most likely to undergo changes as a result of immunologic selective pressures.
Fusion of cells in culture is one biological activity associated with cleavage of the MHV S protein (35). Despite its extensive sequence similarity with the MHV S protein, however, the BCV S protein shows little fusion activity. In fact, fusion is a behavior we have not observed with the Mebus strain of BCV even though the S protein is primarily in the cleaved form on the virion (13, 17). It is not clear why BCV and MHV behave so differently in their fusogenic properties, but functional evaluation of sequence differences near the cleavage sites of these two viruses may aid in clarifying the mechanisms of fusion by MHV. This is especially interesting since hydrophobic regions, common at the cleavage sites on fusion proteins of paramyxoviruses and myxoviruses, are absent in the MHV S protein (22) and different mechanisms of fusion may be employed.
